The androgen receptor (AR) plays a key role in prostate cancer progression. Results: USP7 is required for binding of the AR to chromatin. Conclusion: USP7 is a novel AR co-regulator that mediates AR activity. Significance: Pharmacological inhibition of USP7 represents a compelling therapeutic strategy for the treatment of prostate cancer.
The androgen receptor (AR), a nuclear receptor superfamily transcription factor, plays a key role in prostate cancer. AR signaling is the principal target for prostate cancer treatment, but current androgen-deprivation therapies cannot completely abolish AR signaling because of the heterogeneity of prostate cancers. Therefore, unraveling the mechanism of AR reactivation in androgen-depleted conditions can identify effective prostate cancer therapeutic targets. Increasing evidence indicates that AR activity is mediated by the interplay of modifying/ demodifying enzymatic co-regulators. To better understand the mechanism of AR transcriptional activity regulation, we used antibodies against AR for affinity purification and identified the deubiquitinating enzyme ubiquitin-specific protease 7, USP7 as a novel AR co-regulator in prostate cancer cells. We showed that USP7 associates with AR in an androgen-dependent manner and mediates AR deubiquitination. Sequential ChIP assays indicated that USP7 forms a complex with AR on androgen-responsive elements of target genes upon stimulation with the androgen 5␣-dihydrotestosterone. Further investigation indicated that USP7 is necessary to facilitate androgen-activated AR binding to chromatin. Transcriptome profile analysis of USP7knockdown LNCaP cells also revealed the essential role of USP7 in the expression of a subset of androgen-responsive genes. Hence, inhibition of USP7 represents a compelling therapeutic strategy for the treatment of prostate cancer.
The male hormone androgens are critical for normal biological function of the prostate and for prostate cancer initiation and progression. The cellular effects of androgens are mediated by AR, 2 a nuclear receptor superfamily transcription factor (1) (2) (3) . AR consists of an N-terminal domain, a DNA-binding domain, a hinge region, and a C-terminal ligand-binding domain (LBD). The transactivation domain, AF-1 and AF-2 domains located within the N-terminal, and LBD domains all have a role in mediating AR transcriptional activity (3) .
AR signaling begins with circulating androgens diffusing across the cell membrane of target cells and binding directly to AR in the cytosol. Upon androgen binding, AR undergoes a conformational change, homodimerization, and unmasking of the nuclear localization signal. The ligand-activated AR then translocates to the nucleus, where it binds to specific DNA sequences known as androgen-responsive elements (AREs) on the target genes. The basic transcriptional machinery and a series of co-regulators that exhibit distinct functions are recruited to support ligand-dependent AR transcriptional regulation (1) (2) (3) .
Because of the central role of AR in the development of prostate cancer, androgen-deprivation therapy is the most widely used treatment for advanced prostate cancer. Androgen-deprivation therapy targets AR actions by reducing the circulating androgens with the administration of anti-androgens that compete for binding to the AR. However, as lethal castration-resistant prostate cancer (CRPC) develops, androgen-deprivation therapy is no longer effective at abolishing AR signaling. Given that AR signaling remains functional in CRPC, unraveling the mechanism of AR reactivation under androgen-depleted conditions will help to identify new therapeutic targets for prostate cancer (4 -6) .
Several mechanisms are proposed to cause AR signaling reactivation during CRPC progression, including AR gene amplification, AR mutation, which results in ligand promiscuity, and the alteration of AR co-regulator expression and activity (5) (6) (7) . AR co-regulators modulate AR transcriptional activity and specificity through AR post-translational modifications such as phosphorylation, acetylation, methylation, and ubiquitination (8 -13) .
Increasing evidence indicates the importance of ubiquitination in AR activity regulation. Numerous E3 ubiquitin ligases have been identified as AR co-regulators implicated in prostate cancer progression. For example, MDM2, a well established AR E3 ubiquitin ligase (14 -17) , and STUB1 control AR stability and activity (17) . Similarly, SIAH2 targets a select pool of transcriptionally inactive ARs for ubiquitin-dependent degradation, thereby regulating AR transcriptional activity. This regulation is required for CRPC development (18) . In contrast to the effects of MDM2 and SIAH2 on AR degradation, RNF6 generates Lys 6 -and Lys 27 -linked ubiquitin chains that serve as scaffolding for ARA54 co-activator recruitment and regulate gene expression (19) . Deubiquitination of AR is also critical for its activity and stability. The USP12, which is a deubiquitinating enzyme, is co-localized with AR in the cytoplasm and also can promote AR transcriptional activity by opposing the ubiquitindependent degradation of ARs (20) . USP26 also can counteract AR activation and degradation by reversing MDM2-mediated ubiquitination (21) .
In this study, we identified USP7 as a novel AR co-regulator in prostate cancer cells using affinity purification with antibodies against AR. USP7, also known as herpesvirus-associated ubiquitin-specific protease, has varied substrates including the tumor suppressor protein TP53 and its regulator MDM2 as well as the transcription factor FOXO4 (22) (23) (24) (25) (26) (27) . Additionally, USP7 is overexpressed in prostate cancer cells and is directly correlated with tumor aggressiveness (28) . Here we present evidence that USP7 associates with the AR in an androgen-dependent manner and mediates its deubiquitination. The USP7-AR interaction is essential to facilitate AR binding to chromatin. Analysis of the transcriptome of LNCaP cells, a human prostate cancer cell line, also suggested that USP7 cooperates with the AR to promote expression of a subset of genes that are required for proliferation of prostate cancer cells.
Experimental Procedures
Antibodies-Antibodies for Western blotting were: anti-AR (N20, Santa Cruz Biotechnology, sc-816, 1:3000), anti-USP7 (Abcam, ab4080, 1:3000), anti-ubiquitin (P4D1, Santa Cruz Biotechnology, sc-8017, 1:1000), anti-FLAG M2 (Sigma, F1804, 1:5000), anti-␣-Tubulin (Sigma, T6074, 1:5000), and anti-␤-Actin (Abcam, ab8224, 1:5000). Antibodies for IP and ChIP were: anti-AR (441, Santa Cruz Biotechnology, sc-7305, 2 g/sample), anti-USP7 (Bethyl Laboratory, A300 -033A, 2 g/sample), and anti-FLAG M2 affinity gel (Sigma, A2220).
Reagents-The androgen 5␣-dihydrotestosterone (DHT) (Sigma) was dissolved in ethanol (EtOH) to make a 10 Ϫ3 M stock and then a 10 Ϫ5 M stock, which was diluted to 10 Ϫ8 M prior to use. Cycloheximide (Sigma) was dissolved in dimethyl sulfoxide to make a 50 mg ml Ϫ1 stock. The proteasome inhibitor MG132 (Z-Leu-Leu-Leu-H, PEPTIDE INSTITUTE, 3175-v) was dissolved in dimethyl sulfoxide to make a 10 mM stock. The AR antagonist bicalutamide (Sigma) was dissolved in dimethyl sulfoxide to make a 10 Ϫ3 M stock.
Cell Culture-LNCaP and CWR22Rv1 cells were grown at 37°C under 5% CO 2 in 10-cm plastic dishes containing 10 ml of RPMI 1640 medium with 10% FBS, 0.2 mM L-glutamine, 100 units ml Ϫ1 of penicillin, and 100 g ml Ϫ1 of streptomycin. HEK293T cells were cultured in DMEM supplemented with 0.2 mM L-glutamine, 100 units ml Ϫ1 of penicillin, and 100 g ml Ϫ1 of streptomycin. Before treatment with DHT, cells were incubated in phenol red-free medium with 5% charcoal-stripped FBS for 3 days.
Immunoprecipitation (IP) and Western Blotting-For IP and Western blots, cell lysates were prepared using lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% (w/v) Nonidet P-40, cOmplete Protease Inhibitor Mixture (Roche Applied Science), 1 mM Na 3 VO 4 , 2 mM NaF, 1 mM PMSF, 10 mM N-ethylmaleimide). Antibodies were added, and the antibodies/lysate mixtures were rotated at 4°C for 16 h. Immunocomplexes were collected using protein G or A Dynabeads (Invitrogen) that were washed with lysis buffer. To detect ubiquitinated proteins, lysis was performed under denaturing conditions (1% SDS and heating at 95°C for 10 min). The lysates were then diluted with lysis buffer to reduce the SDS concentration to 0.1% and incubated at 4°C for 30 min before antibodies were added. For Western blotting, cell lysates were separated by SDS-PAGE (7-15% polyacrylamide gradient), and the proteins were transferred to a PVDF membrane. Blots were incubated with primary antibodies followed by detection with HRP-conjugated secondary antibodies.
Purification and Identification of USP7 Using an Anti-ARconjugated Column-Anti-AR (441) or negative control mouse IgG was cross-linked to protein G Dynabeads using dimethyl pimelimidate. The lysates from CWR22Rv1 prostate cancer cells were incubated with the antibody cross-linked beads at 4°C overnight. The beads were then extensively washed with lysis buffer containing 150 mM NaCl, and the bound proteins were eluted with 0.05% TFA and collected by centrifugation. The eluates were subjected to TCA precipitation, separated by SDS-PAGE, visualized with silver staining, and excised for LC-MS/MS. Equivalent regions of a gel lane in which IgG had been electrophoresed were similarly analyzed to serve as negative controls. For LC-MS/MS analysis, gel slices were destained in 50% acetonitrile in 100 mM NH 4 HCO 3 , lyophilized, and rehydrated in 50 l of 10 mM DTT in 100 mM NH 4 HCO 3 . After incubation at 56°C for 1 h, the rehydration solution was removed and 50 l of 55 mM iodoacetamide solution was added, followed by incubation in the dark for 45 min. After the supernatant was removed, the gel slices were lyophilized and digested with trypsin at 37°C overnight. The tryptic peptides were extracted from the gel slices using 5% formic acid in 50% acetonitrile. This solution was lyophilized and the peptides reconstituted in 0.1% formic acid prior to LC-MS/MS analysis.
Plasmid Construction and Transfection-USP7 cDNA fragments were generated by PCR and subcloned into the vector FLAG-pcIneo (Invitrogen) at the BamHI and EcoRV sites. The primers used are shown in Table 1 . The vector sequence was confirmed by DNA sequencing. The expression plasmid for wild-type AR (WT-AR) was kindly provided by Dr. Eriko Matsuura-Suzuki (Institute of Molecular and Cellular Biosciences, University of Tokyo). Cells were transiently transfected with plasmids using X-treme GENE HP DNA Transfection Reagent (Roche Applied Science).
RNA Isolation and RT-PCR-Total RNA was isolated using TRIzol (Invitrogen) and the Nucleospin RNA II kit (Macherey-Nagel). cDNA was synthesized using the ReverTra qPCR RT Master Mix (TOYOBO), and the cDNA was amplified with the KAPA SYBR FAST qPCR kit (Kapa Biosystems) on an ABI 7500 real-time PCR system (Applied Biosystems). Primers used in these experiments are listed in Table 1 .
RNAi-The siRNA transfections were performed using Lipofectamine RNAiMAX (Invitrogen). The USP7 siRNA oligonucleotide sequences used in this study are shown in Table 1 .
Chromatin Immunoprecipitation (ChIP) and Quantitative PCR (qPCR)-LNCaP cells were cross-linked with 1% formaldehyde for 10 min, quenched with 125 mM glycine, and then sonicated. ChIP experiments were carried out as described (29) . Soluble chromatin was immunoprecipitated using anti-AR (441), anti-USP7 (A300 -033A), or control antibody crosslinked to protein G or A Dynabeads overnight at 4°C. Immunoprecipitates were washed and eluted with elution buffer (50 mM Tris-HCl, 10 mM EDTA, 1% SDS) for 20 min at 65°C. Eluates were incubated at 65°C overnight to reverse the cross-links and then treated with RNase A followed by proteinase K. The samples were purified using a PCR purification kit (Qiagen). qPCR was performed using the KAPA SYBR FAST qPCR kit (Kapa Biosystems) on the ABI 7500 real-time PCR system. For sequential ChIP, the first-round antibody cross-linked beads were added to chromatin extracts and incubated overnight at 4°C. The bound protein complexes were eluted with 10 mM DTT at 37°C for 30 min, and the eluate was diluted 10-fold and subsequently re-immunoprecipitated with the specific antibodies or control IgG overnight at 4°C. The results are presented as fold-enrichment over control IgG or as the percentage of input chromatin that was precipitated.
RNA Sequencing (RNA-seq)-After transfection with USP7 siRNA for 72 h, LNCaP cells were exposed to 10 nM DHT or EtOH for 16 h and subjected to RNA extraction. Total RNA was isolated using TRIzol and the Nucleospin RNA II kit. RNA (1 g) was used for library preparation with the TruSeq RNA Sample Preparation version 2 kit (Illumina), and the samples were then subjected to RNA-seq (Solexa HiSeq2000, Illumina). Sequenced RNA reads were aligned to the National Center for Biotechnology Information (NCBI) RefSeq RNA database (mRNA accession numbers only) using Bowtie, with three mismatches in the first 28 bases allowed per read (Ϫn3 option) (30) . Aligned reads were merged for a single gene. To accommodate for transcriptional variants, we used both uniquely and multiply aligned reads. We used the best match for multiply aligned reads (Ϫk option). The gene expression level was calculated in reads per kilobase per million reads and normalized by the trimmed mean of M values (31) . Using a threshold of one read per kilobase per million reads yielded 11,460 expressed genes. Data graphics were produced with R (32). Gene Ontology analysis was performed using the web tool Database for Annotation, Visualization and Integrated Discovery (DAVID) (33) . These sequence results have been deposited in the NCBI Sequence Read Archive (SRP049426).
Cell Proliferation Assay-LNCaP and CWR22Rv1 cells maintained in 10-cm dishes were transfected with USP7 siRNA for 24 h before cells were seeded in 12-well plates and incubated in RPMI 1640 containing 5% charcoal-stripped FBS. The cell numbers were counted using a Neubauer chamber at the indicated times.
Statistical Analysis-Statistical differences were determined by two-tailed Student's t test. Statistical significance is displayed as: *, p Ͻ 0.05; **, p Ͻ 0.01; and ***, p Ͻ 0.001.
Results
USP7 Is a Novel Androgen-dependent AR-associated Protein in Prostate Cancer Cell Lines-To better understand the regulation of AR activity in the progression of prostate cancer to a castration-resistant state, endogenous AR-associated proteins were evaluated in CRPC CWR22Rv1 cells. CWR22Rv1 cells express full-length AR and AR splice variants lacking the AR LBD (AR-V7) and serve as a model of the transition between hormone-sensitive and castration-resistant prostate cancer (34, 35) . In addition, because CWR22Rv1 cells possess easily detectable and stable levels of AR expression, they are a valuable material from which to purify endogenous AR-associated proteins.
AR-associated proteins were obtained by affinity purification using the AR antibody anti-AR (441), which is specific to the central region of the AR transactivation domain (amino acids 299 -315). The AR-associated proteins were separated by SDS-PAGE and visualized with silver staining. The proteins in the gel were excised for LC-MS/MS analysis. Among the proteins 
GGACAGTGTGCACCTCAAAGAC TCCCACGAGGAAGGTCCC USP7 Is Critical for AR Activity in Prostate Cancer AUGUST 28, 2015 • VOLUME 290 • NUMBER 35 that specifically bound to AR but not to the IgG control, 128-kDa USP7, a deubiquitinating enzyme, was one of the top scoring proteins identified by LC-MS/MS (with a threshold false discovery rate of Ͻ1% and peptide number of Ͼ10) ( Fig. 1A,  upper panel) . The LC-MS/MS identification results are shown in supplemental Table 1 . The USP7-AR interaction was also observed using Western blotting (Fig. 1A, bottom panel) .
To validate the USP7-AR interaction, we performed reciprocal co-IP assays using another antibody against AR, anti-AR (N20), and anti-USP7 (A300 -033A) in CWR22Rv1 cells. As shown in Fig. 1B (left panel) , the USP7-AR interaction was observed using anti-AR (N20) but not the IgG control, confirming the identification result. Additionally, USP7 was associated with full-length AR rather than AR-V7 in an androgen-dependent manner (Fig. 1B, right panel) .
Given that USP7 associated with AR in a DHT-dependent manner, we used the androgen-sensitive prostate cancer cell line LNCaP to assess this androgen-sensitive interaction between USP7 and AR. As shown in Fig. 1C , the USP7-AR association was clearly increased in DHT-treated LNCaP cells regardless of whether anti-AR or anti-USP7 was used.
To further investigate whether USP7 binds specifically to androgen-liganded AR, we tested the impact of bicalutamide on the exogenously expressed USP7-AR interaction. Bicalutamide is an AR antagonist that inhibits AR activation by competitively inhibiting the binding of endogenous androgens to AR (36). The band identified as USP7 by LC-MS/MS is indicated. Lower panel: cell lysates from CWR22Rv1 cells were subjected to IP using anti-AR (441). The DHT-stimulated USP7-AR association was confirmed by Western blotting. Before DHT stimulation, cells were cultured in phenol red-free medium with 5% charcoal-stripped FBS for 3 days. B and C, the endogenous USP7-AR interaction was enhanced in a ligand-dependent manner in CWR22Rv1 (B) and LNCaP (C) cells. Cells were cultured in phenol red-free medium with 5% charcoal-stripped FBS for 3 days before 10 nM DHT treatment, and the cell lysates were subjected to IP using the indicated antibodies and analyzed by Western blotting. D, left panel, HEK293T cells were transfected with wild-type AR (WT-AR) and FLAG-USP7 expression vectors. At 24 h post-transfection, cells were treated with 10 nM DHT for 30 min before harvesting. The cell lysates were subjected to IP using anti-FLAG M2 affinity gel, and proteins were visualized by Western blotting. Right panel, HEK293T cells transfected with WT-AR and FLAG-USP7 were treated with 10 or 40 M bicalutamide (Bic) for 2 h before stimulation with DHT or EtOH for 30 min. Cells were harvested and subjected to IP using anti-FLAG M2 affinity gel.
The androgen-dependent USP7-AR association was confirmed in USP7-and WT-AR-overexpressing HEK293T cells (Fig. 1D,  left panel, lanes 4 and 5) . Whereas DHT obviously enhanced the USP7-AR interaction (Fig. 1D, right panel, compare lane 9 with  12) , bicalutamide had no noticeable effect on the USP7-AR interaction even upon high concentration stimulation (Fig. 1D,  compare lane 9 with 10 and 11) . Also, the DHT-enhanced USP7-AR association was attenuated by bicalutamide treatment (Fig. 1D, compare lane 12 with lanes 13 and 14) . This result demonstrated that USP7 preferentially associates with androgen-liganded AR.
USP7 Mediates AR Deubiquitination in an Androgen-dependent Manner and Controls Its Stability-Because USP7 associates with AR in an androgen-dependent manner, we next examined whether the USP7-AR interaction affects the AR ubiquitination status. HEK293T cells were transfected with WT-AR either alone or with FLAG-USP7 in the presence or absence of DHT and were treated with the proteasome inhibitor MG132. The cell lysates were denatured and the exogenously expressed AR was immunoprecipitated using anti-AR (441). The ubiquitination status of exogenously expressed AR in HEK293T cells was detected by Western blotting using anti-FIGURE 2. USP7 mediates AR deubiquitination in an androgen-dependent manner. A, HEK293T cells were transfected with protein expression vectors as indicated for 48 h followed by treatment with 10 nM DHT or EtOH and 10 M MG132 as indicated for 6 h. Cells were harvested, and lysates were denatured and subjected to IP using anti-AR (441). The protein ubiquitination status was visualized by Western blotting. B, HEK293T cells were transfected with expression vectors as indicated. At 24 h post-transfection, 10 nM DHT or EtOH was added for 2 h followed by 150 g/ml of cycloheximide (CHX) addition for the indicated times before cells were harvested. AR was quantified by densitometry and normalized to ␣-Tubulin. Values are the mean Ϯ S.D. of three independent experiments. C, USP7 siRNA-transfected LNCaP cells were treated with 10 nM DHT and 2 M MG132 for 16 h before cells were harvested. The lysates were denatured and subjected to IP using anti-AR (441). The protein ubiquitination status was visualized by Western blotting.
ubiquitin. The AR ubiquitination was markedly decreased by DHT stimulation ( Fig. 2A, compare lane 2 with 4) . We also found that overexpression of USP7 notably attenuated ubiquitinated AR upon DHT stimulation ( Fig. 2A, compare lane 4  with 5) .
To determine whether the deubiquitination effect of USP7 on AR alters AR protein stability, we analyzed the exogenous WT-AR protein degradation rate in USP7-overexpressing HEK293T cells. It had been reported that the protein half-life of exogenously expressed AR is ϳ1-1.5 h in the absence of androgens (37); hence, we observed AR protein degradation 2 and 4 h after cycloheximide treatment (Fig. 2B, upper panel) . The results showed that overexpression of USP7 had only a small effect on AR protein half-life without DHT stimulation. However, after DHT stimulation, the AR protein half-life was significantly prolonged by USP7. The results from three independent experiments were quantified by densitometry (Fig. 2B, bottom  panel) .
The effect of USP7 on endogenous AR protein ubiquitination status was further assessed in LNCaP cells. To determine this, USP7 in LNCaP cells was knocked down by siRNA, and cells were harvested after DHT and MG132 treatments. The endogenous AR in denatured lysates was immunoprecipitated by anti-AR (441), and the AR ubiquitination status was evaluated. Consistent with Fig. 2A , knockdown of USP7 increased the endogenously ubiquitinated AR in an androgen-dependent manner (Fig. 2C, lanes 3 and 4) . These results demonstrated that the USP7-AR interaction is important for deubiquitination and stabilization of androgen-liganded AR.
USP7 Associates with AR on AREs in an Androgen-dependent Manner and Modulates Its Binding to Chromatin-Our results showed that USP7 preferentially associates with and deubiquitinates androgen-liganded AR, suggesting a role for USP7 in AR activity regulation. To assess whether USP7 and AR are colocalized on target gene AREs to regulate gene transcription, we performed a ChIP-qPCR assay to examine the recruitment of USP7 to AREs of target genes upon DHT stimulation. LNCaP cells were stimulated with DHT for the indicated times, and the binding of AR and USP7 to AREs of the well characterized AR target genes FKBP5, PSA, and PDE9A (38 -40) was measured. As expected, DHT induced the recruitment of AR to AREs of FKBP5, PSA, and PDE9A (Fig. 3A) . Also, we found that the binding of USP7 to the same AREs showed a 2-3-fold increase upon DHT stimulation (Fig. 3B) . These data suggested that USP7 associates with AR on AREs of target genes upon DHT stimulation.
To further determine the association between USP7 and AR on AREs of target genes, a sequential ChIP assay was performed after DHT stimulation using anti-AR (441) as the first-round antibody followed by anti-USP7 (A300 -033A) as the secondround antibody. Anti-AR and anti-IgG were also included in the second round as positive and negative controls, respectively. Consistent with DHT-stimulated AR and USP7 binding to FKBP5, PSA, and PDE9A AREs, USP7 was detected in the AR-containing protein complex assembled on the AREs of FKBP5, PSA, and PDE9A upon DHT stimulation (Fig. 3C ). This confirmed our assumption that USP7 and AR form a complex on target gene AREs upon DHT stimulation and might regulate gene transcription.
To further assess whether the binding of USP7 to AREs is through an interaction with androgen-liganded AR, we observed the binding of USP7 to AREs of target genes in bicalutamide-treated LNCaP cells. As shown in Fig. 3D , the DHTstimulated AR binding to FKBP5, PSA, and PDE9A AREs was blocked by bicalutamide. In parallel with inhibition of AR recruitment by bicalutamide, the binding of USP7 to the AREs of these genes was also decreased to background levels (Fig. 3E) . Considering that bicalutamide blocked the association between USP7 and androgen-liganded AR (Fig. 1D, right panel) , these data indicated that USP7 binds to AREs through its association with androgen-liganded AR. After confirming the association between USP7 and AR on AREs of target genes, we further assessed whether the USP7-AR interaction is essential for AR transcriptional activity.
The effect of USP7 knockdown on the recruitment of AR to chromatin in LNCaP cells was determined. The level of AR protein in USP7-knockdown LNCaP cells was first assessed by Western blotting and shown to be slightly attenuated (Fig. 3F) . We further investigated the impact of USP7 knockdown on DHT-stimulated AR binding to FKBP5, PSA, and PDE9A AREs. The USP7-knockdown LNCaP cells were stimulated with DHT and subjected to ChIP-qPCR using anti-AR. Consistent with the decrease in AR protein by USP7 knockdown, the DHTstimulated recruitment of AR to chromatin AREs of FKBP5, PSA, and PDE9A was significantly reduced (Fig. 3G) , indicating the USP7-AR interaction is important for regulation of ARchromatin binding.
USP7 Cooperates with AR to Regulate Androgen-responsive Gene Expression in Prostate Cancer Cells-To assess whether USP7-modulated AR-chromatin binding alters its transcriptional output, we assessed the effect of USP7 knockdown on FKBP5, PSA, and PDE9A target gene expression. USP7 siRNA-transfected LNCaP cells were stimulated with DHT, and mRNA expression of these genes was investigated. As expected, mRNA expression of FKBP5, PSA, and PDE9A was attenuated by USP7 knockdown (Fig. 4A) .
To further evaluate the global effect of USP7 on AR transcriptional output, we used RNA-seq to analyze the effects of USP7 knockdown on the transcriptome of LNCaP cells. The USP7-knockdown cells were incubated with or without 10 nM DHT for 16 h before harvesting, and RNA-seq analysis was performed to determine altered gene profiling. We identified 11,460 transcripts that were expressed in the cells, and the quantitative results were visualized with a heat map (Fig. 4B,  left) . USP7 knockdown profoundly altered global transcription; the primary genes affected were DHT-responsive genes, illustrating the essential role of USP7 in regulating the expression of AR target genes. The expression levels of several well known AR target genes implicated in prostate cancer progression are shown in Fig. 4B (right) . USP7 knockdown significantly decreased the expression of DHT-induced genes, including FAM111B, KLK2, PSA, and FKBP5. Among the DHT-repressed genes, USP7 knockdown derepressed BMF, CXCR7, and TRPC4 (Fig. 4B, right panel) . We also found that E2F1 and HES6, which were recently identified as crucial regulators in CRPC development (41) , were down-regulated by USP7 knockdown ( Fig. 4B, right panel) . The relative expression levels of the top 10 DHT-induced and -repressed genes in USP7-depleted cells are shown in Tables 2 and 3 .
To validate this finding using qPCR, we chose several well characterized AR target genes including PSA, FKBP5, and PDE9A and the DNA replication factors MCM2, MCM6, and CDC6 as androgen-induced genes. BMF and SLC44A1 were chosen as DHT-repressed genes. The qPCR results correlated very well with our global RNA-seq data (data not show).
Because the RNA-seq result was validated, we identified the USP7-regulated androgen-responsive genes. Genes exhibiting a Ն1.5-fold change in expression after DHT stimulation (relative to vehicle) were scored as DHT-responsive genes. Based on this threshold, we defined 332 genes as DHT induced and 189 genes as DHT repressed. To identify which of these DHT-responsive genes were USP7 dependent, we similarly defined genes exhibiting Ն1.5-fold change in expression upon USP7 knockdown (relative to levels in control transfected cells) as USP7-regulated genes. We then examined the global effects of USP7 knockdown on DHTstimulated gene expression compared with total and stable groups of genes. As shown in Fig. 4C , USP7 knockdown significantly reduced the effect of DHT on both repressed and induced genes, suggesting an essential role for USP7 in AR transcriptional output.
We further investigated the cooperation of USP7 and AR to regulate gene expression. Knockdown of USP7 decreased 54% of DHT-induced genes and derepressed 46% of DHT-repressed genes (data not shown). These data suggested that, in the presence of DHT, USP7 regulates the expression of DHT-responsive genes in the same direction as AR.
To determine the biological function of USP7 in androgen signaling, the subset of DHT-responsive genes that were regulated by USP7 was subjected to functional analysis. Gene Ontology analysis of 179 DHT-induced genes revealed that they are highly associated with DNA replication (Fig. 4D ), suggesting that USP7 plays a critical role in DHT-regulated prostate cancer cell DNA replication.
We also examined the effect of USP7 knockdown in CRPC CWR22Rv1 cells. USP7 siRNA reduced the level of USP7 in these cells (Fig. 4E, left) and also decreased AR target gene expression ( Fig. 4E, right) .
USP7 Is Required for Prostate Cancer Cell Proliferation-AR plays a fundamental role in prostate cancer progression by promoting cell proliferation. Because our data suggested that USP7 cooperates with AR to regulate the expression of a subset of DHT-responsive genes, we further evaluated the physiological relevance of USP7 in prostate cancer progression. For this purpose, we investigated the effect of USP7 knockdown on LNCaP and CWR22Rv1 cell proliferation with or without DHT stimu- lation. USP7 knockdown attenuated the proliferation of LNCaP cells, particularly in the presence of DHT (Fig. 5A) , demonstrating the key role of USP7 in androgen-sensitive prostate cancer cell proliferation. In addition, knockdown of USP7 also impaired CWR22Rv1 cell proliferation in the absence and presence of DHT (Fig. 5B ).
Discussion
In this study, we identified USP7 as a novel AR co-regulator that mediates AR deubiquitination and stabilization. The USP7-AR interaction is also essential to androgen-activated AR binding to chromatin. The ability of USP7 to modulate the binding of AR to chromatin might contribute to appropriate regulation of AR transcriptional output.
We first demonstrated that USP7 mediates AR protein ubiquitination and protein stability in an androgen-dependent manner. The association of USP7 with androgen-activated AR on target gene regulatory elements was also confirmed. This effect of USP7 on androgen-liganded AR might have an important role in facilitating the transcriptional-activating binding of AR to target gene regulatory elements.
Many AR E3 ubiquitin ligase co-regulators have been identified in prostate cancer cells that modulate AR transcriptional activity and specificity, including MDM2 and SIAH2 (14 -18) . It is possible that USP7 coordinates with E3 ubiquitin ligase co-regulators to modulate the AR ubiquitination status, thereby fine-tuning AR transcriptional activity. This hypothesis is supported by the action of USP7 on another transcription factor, NF-B, the central transcription factor of inflammation and immunity genes. USP7 controls the ubiquitination/deubiquitination status of DNA-bound NF-B, which modulates its effects on transcription (42) . These observations suggest that USP7-mediated deubiquitination and stabilization of transcription factors, including NF-B as well as AR, might be a common mechanism for regulating transcriptional output.
In addition to AR itself, USP7 might also target other substrates that are involved in AR-chromatin binding and transcriptional activity regulation. Recently, USP10 was reported to deubiquitinate histone variant H2A.Z, which is required for AR transcriptional activation (43, 44) . Because USP7 is proposed to modulate H2A and H2B ubiquitination via direct or indirect pathways (45, 46) , the effect of USP7 on AR-chromatin binding and transcriptional activity could be a combinatorial consequence of both direct deubiquitination of AR and indirect deubiquitination of histones.
This study also revealed that USP7 associates with full-length AR in an androgen-dependent manner but not with AR-V7, which lacks the LBD, indicating that the AR LBD is critical for USP7 binding to AR. In addition, USP7 preferentially associated with androgen-liganded AR but not with bicalutamideliganded AR. An analysis of the AR LBD crystal structural indicates that different ligands (e.g. agonists, antagonists) induce different conformational changes in the LBD (47) , implying that androgen-induced repositioning of the AR LBD is critical for USP7 binding. This explains why USP7 deubiquitination and stabilization of AR are androgen dependent.
Many AR point mutations that allow AR to be activated by endogenous non-androgenic steroids as well as synthetic AR antagonists are found in CRPC (5, 6) . Given that USP7 preferentially interacts with androgen-bound, transcriptionally active AR, USP7 may also bind to these antagonist-bound, transcriptionally active mutant forms of AR and regulate their activities in CRPC. The function of USP7 in CRPC cells is still unknown, although this study showed that E2F1 and HES6, which have recently been identified as crucial regulators in CRPC development (41), were down-regulated by USP7 knockdown. Additionally, USP7 depletion affected AR target gene expression and the proliferation of CRPC CWR22Rv1 cells. These data suggest that USP7 also functions in CRPC development.
Given the multiple biological functions of USP7, it is also likely to promote prostate cancer progression via an AR-independent pathway (23, 48 -50) . Indeed, it has been reported that overexpression of USP7 in prostate cancer results in predominantly nuclear-excluded PTEN, which contributes to cancer progression (28) . Here, we demonstrated that USP7 associates with AR in an androgen-dependent manner and forms a complex on AREs of target genes. The transcriptome profiling of LNCaP cells also showed strong overlap of the USP7-regulated genes with androgen-responsive genes only upon DHT stimu-lation. These data demonstrated that USP7 cooperates with AR to regulate gene expression in androgen signaling. Hence, USP7 might promote prostate cancer progression via both AR-dependent and AR-independent pathways.
Although the mechanism of USP7 gene overexpression or mutation in prostate cancer and its correlation with tumor aggressiveness have not been established, our study indicates that inhibition of USP7 can counteract androgen-regulated AR activation in prostate cancer cell lines. Therefore, pharmacological inhibition of USP7 represents a compelling therapeutic strategy for prostate cancer therapy. 
